The role of viruses in the etiology of recurrent upper respiratory disease in newly weaned lambs was studied during 1984-1985 at the North Dakota Sheep Experiment Station. Serum samples collected from lambs at weaning, from lambs with signs of respiratory disease, and 3 weeks following the onset of clinical signs were tested for antibodies to ovine adenovirus (OAV), respiratory syncytial virus (RSV), and Parainfluenza type-3 virus (PI-3). Virus isolation studies were performed on nasal secretions samples taken at the same time. Parainfluenza type-3 was isolated from 1 of 275 lambs tested, and there was 2.5% overall 4-fold increase in antibody titer to PI-3 during the 2-year study. An adenovirus with a different restriction endonuclease digestion pattern from that of previously reported adenovirus strains in the United States was isolated from 13 of 275 nasal secretions collected from lambs at the time of weaning. There was a 17.6% overall 4-fold increase in seroconversion to the adenovirus isolated from the lambs with clinical disease.
Ovine respiratory disease, an acute infectious disease of feedlot and nursing lambs, is characterized clinically manifested by a persistent nonproductive cough with occasional conjunctivitis and rectal prolapse. Rectal by nasal discharge, coughing, dyspnea, depression, and prolapse is associated with long periods of recurrent fever 16, 20 and pathologically by pneumonitis and pleucoughing. The condition is associated with a high morritis l8 Because of the high incidence in all countries where animal agriculture has developed, ovine respi-bidity and low mortality.
To understand further the cause(s) of this upper reratory disease causes serious economic loss to the sheep spiratory problem, two major objectives were develindustry. 1, 8 These losses result from death reduced live oped as a part of this 2-year study: 1) identification of weight, delayed marketing, unthriftiness among surany viral agent that might be involved in the upper vivors, and cost of treatment.
respiratory problem by collection of nasal swabs from Ovine respiratory disease has been the greatest single weaned lambs at different time intervals and 2) esticause of death among feedlot lambs in the western and mation of the occurrence of viral agents in the lamb midwestem United States? Although adult sheep are population through a serologic survey for antibodies susceptible, nursing lambs and feedlot lambs have a to RSV, PI-3, and OAV. higher incidence of respiratory disease than older animals. Respiratory disease is usually predisposed by physical stress. 1, 16, 20 Ovine respiratory disease in young lambs appears to result from a complex of infectious agents including chlamydia, 3 mycoplasma, 21, 22 Parainfluenza type-3 virus (PI-3), 10,13 respiratory syncytial virus (RSV), l ovine adenovirus (OAV), 2, 4, 11, 14 and Pasturella spp. l,7 Although both Pasturella multocida and P. hemolytica are primary causes of pneumonia and death in feedlot lambs, P. hemolytica is associated more often with enzootic pneumonia and septicemia in weaned lambs than is P. multocida. 7, 8 The sheep flock at the North Dakota State Sheep Experiment Station has a high prevalence of an upper respiratory tract disease in weaned lambs, which is North Dakota Sheep Experiment Station, Animal Science Department, North Dakota State University (NDSU). Iambs were weaned from ewes at 10-12 wk after birth and placed on feeding trials.
Sample collection. During the 2-yr study, nasal swabs and serum samples were collected approximately 1 wk postweaning (10-12 wk of age) from clinically normal lambs. Nasal swabs and serum samples were collected from lambs showing nonproductive coughing. Convalescent serum samples were taken from lambs 3 wk later.
Cell culture and culture media. Ovine fetal lung (OFL) and ovine fetal kidney (OFK) cells were used for virus isolation, propagation, and titration. Cultures were grown in minimal essential medium (MEM), a pH 7.4, with 10% bovine fetal serum b and incubated at 37 C in a humidified atmosphere of 5% CO 2 in air.
Virus isolation. Nasal swab fluids were inoculated onto 2 wells of confluent layers of primary OFL and OFK cells. The cultures were passed at 4-day intervals for at least 3 subpas-sages. Those wells showing 75% cytopathic effect (CPE) were Virus characterization. The viral isolates were examined by negative staining using a transmission electron microscope (TEM) d operated at 60 kV. Adenovirus isolates were compared with 2 serotypes of adenovirus isolates, RTS-151 and RTS-42. Individual virus isolates were tested for sensitivity to chloroform, acid (pH 3.0), and heat (56 C). Cell cultures infected with each isolate were stained after fixation with hematoxylin and eosin quick staining method. e Isolates were tested for their ability to cause hemabsorption of guinea pig red blood cells (RBC) and to agglutinate bovine RBC at 37 C for 2 hr and rat RBC at 4 C for 2 hr. Serum neutralization (SN) tests. Antisera against the NDSU OAV isolate and OAV reference strains RTS-151 and RTS-42 were prepared in guinea pigs. Each guinea pig was given 0.2 ml of virus by intramuscular injection in the thigh area on a weekly basis for 6 wk. The guinea pigs were exsanguinated by cardiac puncture 3 wk after the last injection. The sera were compared by cross-neutralization tests. All lamb sera were tested for antibodies for RSV, PI-3, and NDSU OAV isolate. The SN tests were performed in microtiter plates by standard methods. l9 All sera were heat inactivated for 30 min at 56 C. virions observed on the negative stained preparations. 4 Pleomorphic intact particles and numerous disrupted viral membrane fragments were observed on negative stain preparations of the paramyxovirus. The intact viral particles were 150-200 nm in length.
The adenovirus isolates were sensitive to acid and heat and resistant to chloroform. All adenoviruses agglutinated rat RBC but did not agglutinate bovine RBC. Infected cells did not hemabsorb guinea pig RBC.
The paramyxovirus isolate was identified as PI-3 by the direct PI-3 fluorescent antibody test and hemabsorption of guinea pig RBC to infected cells.
Serology
DNA restriction enzyme analysis. DNA was extracted from adenovirus serotype (RTS-151, RTS-42, and the NDSU OAV) isolates by a modification of the Hirt procedure 5,11 DNA from each isolate was digested with the restriction endonucleases Pst I, Barn HI, and Sma I under conditions specified by the supplier. f The ethidium bromide bands were visualized under long wave UV light and photographed?
The cross-neutralization test results indicated a difference between RTS-151 (OAV-6) and the NDSU isolate ( Table 1 ). The homologous titer of RTS-151 was 16-fold greater than the heterologous titer (NDSU). Likewise, the homologous titer of NDSU was 32-fold greater than the heterologous RTS-151. There was no neutralization of RTS-151 and NDSU viruses with RTS-42 antiserum.
Results

Virus isolation
Fourteen cytopathic viruses were isolated from 275 nasal secretions collected 1 week postweaning during the 2-year study. Thirteen of the viruses were identified as adenovirus and 1 as a paramyxovirus by TEM. No viruses were isolated from nasal secretions collected at the acute or convalescent phases of the disease.
Cytopathic effect developed with the 13 OAV isolates after 1-3 blind passages on OFK and OFL cells. The adenovirus CPE was characterized by rounded clusters of enlarged cells in the monolayers. In stained preparations, multiple nuclear inclusions were observed. The paramyxovirus CPE was characterized by syncytial cell formations.
Virus characterization
Electron microscopic examination of each adenovirus isolate revealed typical virions with an average diameter of 75 nm. There were no adeno-associated Serum neutralizing titers of 14 lambs from which viral isolates were obtained at weaning are shown in Table 2 . Titers at weaning varied between negative (<4) and 16. Eleven lambs showed 4-fold or greater rise in antibody between weaning and convalescent titers. One lamb (#119), from which a PI-3 virus was isolated, had a 4-fold increase in neutralization titer to PI-3 between the weaning and convalescent serum samples.
Adenovirus antibody titers from 119 lambs with a nonproductive cough during the 2-year study ( Table  3 ) showed that 14 out of 119 lambs (11.7%) had a 4-fold increase from weaning to acute titers, whereas 7 out of 119 lambs (5.8%) had a 4-fold increase from acute to convalescent titers. The overall geometric mean (gm) for adenovirus antibody in acute titers (38.5) was significantly higher than that of the weaning titers (20.1), and that of the convalescent titers (41.5) was slightly higher than that of the acute titers. Between weaning and convalescent sera, 17.5% of the lambs had a 4-fold increase in antibody titer to adenovirus. There was very little change in PI-3 titer range in between the weaning and convalescent titers during lambs with a nonproductive cough during the 2-year the 2-year study ( Table 5) . study (Table 4) . Of the 118 lambs tested for PI-3 antibody, only 3 out of 118 lambs (2.5%) showed a 4-fold DNA restriction enzyme testing increase from weaning titers to acute titers. No 4-fold
The Pst I enzyme digestion resulted in the greatest changes or increases in the overall gm were seen in the differences between the RTS-151 and NDSU isolates acute and convalescent titers during the 2-year study. (Fig. 1) , whereas the other 2 enzymes showed differ-Results of neutralization tests for antibody to RSV ences in only a few distinct bands (Figs. 2, 3) . The 13 showed no 4-fold changes or other significant increases NDSU adenoviruses could be assigned to 1 type, dis- tinguishable from RTS-151 and RTS-42 adenovirus ( Figs. 1-3 ).
Discussion
A nonproductive cough and conjunctivitis were clinical conditions seen in the lambs at the North Dakota Experimental Station during the course of a 2-year study. Thirteen of the 14 viral isolates from these lambs had cytopathic, morphologic, physiochemical, and neutralization characteristics typical of the adenoviruses 17, 23 However, there were noticeable differences . in typing by cross-neutralization tests with OAV reference strains and NDSU adenovirus isolates.
The titer ratio of the NDSU adenovirus tested against NDSU and RTS-151 antisera did show a > 16-fold serum neutralization cross-reaction, but the RTS-151 adenovirus tested against the NDSU and RTS-151 antisera showed exactly a 16-fold difference in the serum neutralization cross-reaction (Table 1) . Therefore, restriction endonuclease analysis was done to determine if substantial differences in the DNA existed among the adenovirus isolates.
Pst I digestion resulted in distinct differences in genome pattern between the RTS-151 and NDSU adenovirus strains ( Fig. 1) and between RTS-42 and both the RTS-151 and the NDSU isolates. The RTS-42 and RTS-151 viruses, which are distinct established serotypes, were more similar to each other in Pst I restriction fragment pattern than either was to the NDSU adenovirus isolates.
Analysis of Barn HI endonuclease digestion fragment pattern showed minor differences between the RTS-151 and NDSU adenovirus genome (Fig. 2) . Barn HI digestion of RTS-42 resulted in a fragment pattern distinct form that of the other adenovirus isolates. The fragment patterns of RTS-151 and NDSU adenovirus were more similar when digested with Barn HI than when digested with Pst I.
Analysis of Sma I endonuclease digestion fragment pattern also showed minor differences between the RTS-151 and NDSU adenovirus genome (Fig. 3) . A partial fragment pattern of RTS-42 could be used to differentiate it from the other adenovirus isolates. As seen with the Barn HI, RTS-151 and NDSU adeno- virus showed a more similar genome structure with the Sma I digestion than with the Pst I digestion.
All the NDSU adenovirus isolates have identical restriction endonuclease digestion fragment patterns with each enzyme tested ( Figs. 1-3 ), indicating that these isolates are of 1 serotype.
Although 1 restriction endonuclease fragment pattern (Pst I) demonstrated substantial differences between established OVA serotypes, the 2 other fragment patterns (Barn HI and Sma I) demonstrated minor differences, and cross-neutralization testing also indicated borderline differences, the evidence still is not clear that the NDSU adenovirus isolates constitute a separate serotype in the United States, as defined by the International Committee on Taxonomy of Viruses. 17, 20 Further testing in other reference laboratories is needed to determine if a new serotype or genotype exists in the United States or other parts of the world.
The evidence of seroconversion to the NDSU OAV at weaning indicated that these lambs could have been exposed to this virus during the nursing period. It is difficult to establish whether the antibodies were ac-quired from the dams or whether the lambs developed their own antibodies in response to exposure to adenovirus during nursing. In this study, the nonproductive cough in nursing lambs increased in incidence and severity after weaning. Although > 90% of the lambs at weaning had antibodies to NDSU OAV, more animals had a 4-fold increase in serum titers to the NDSU OAV than to PI-3 and RSV.
One PI-3 virus was isolated, and antibody titers against PI-3 ranged from negative (<4) to 128 during the 2-year study. It is difficult to establish if PI-3 titers reflect maternally acquired antibodies or those resulting from exposure to PI-3 during nursing. Isolation and seroconversion of PI-3 were lower when compared with the OAV results.
Although RSV has been identified from sheep, 9,10,12,15 RSV was not isolated, and serologic evidence indicated that RSV was not involved in the respiratory problems during this 2-year study. It is difficult to establish if RSV titers reflect maternally acquired antibodies or those resulting from exposure to RSV during nursing.
The role of viral agents in this respiratory problem in lambs at the North Dakota State Sheep Experiment Station has been difficult to determine. The OAV isolations and the serologic evidence of OAV exposure do indicate OAV involvement during the 2-year study, but whether the OAV alone caused the respiratory condition in these lambs is difficult to establish.
The differences in some DNA digestion fragment patterns and cross-neutralization tests indicate that the NDSU adenovirus isolate is related to RTS-151. However, these differences could also be indicative of a new serotype or new genotype of adenovirus emerging in the United States. Further studies of viral agents and experimental infections and monitoring of naturally infected herds may establish the role of this new type of adenovirus and other viruses associated with respiratory diseases in lambs.
